We aimed to identify the functional characteristics of the corpus luteum (CL) by color Doppler ultrasonography and changes in interferon-stimulated gene (ISG) expression in peripheral blood mononuclear cells (PBMCs) during early pregnancy in beef cows. We then aimed to use these features to establish earlier pregnancy diagnosis methods. In experiment 1, the CL size and blood flow were accessed by Doppler ultrasonography, and the PBMCs were isolated on Days 8, 12, 15, 18, 20, 22, 25, 30, 45 , and 60 post-timed artificial insemination (TAI) from pregnant (n ¼ 10) and nonpregnant cows (n ¼ 12). The abundance of ISG (OAS1, MX1, MX2, and ISG15) transcripts was measured by quantitative PCR. Analyses of OAS1 and MX2 expression in isolated PBMCs (ISG-PBMC method) and Doppler imaging of CL (Doppler-US method) were performed to test the accuracy of these methods for the diagnosis of pregnancy on Day 20 post-TAI (n ¼ 110; experiment 2). In experiment 1, the luteal volume and blood flow were reduced in nonpregnant cows during the first weeks post-TAI, but an evaluation of CL vascularization and size was efficient in identifying nonpregnant cows on Day 20 post-TAI. The expression of ISGs in PBMCs can be stimulated by the presence of a viable conceptus between Days 15 and 22 post-TAI, and the expression of these genes reaches a peak on Day 20. In experiment 2, the Doppler-US and ISG-PBMC methods resulted in similar specificity (85.5 and 87.7%, respectively). However, only the Doppler-US method resulted in 100% sensitivity. In conclusion, the greatest abundance of ISGs in PBMCs and a high detection of luteolysis by Doppler imaging on Day 20 post-TAI can be feasibly used for the earlier detection of nonpregnant cows in reproductive programs. The level of accuracy for our described pregnancy methods is high on Day 20 (80%-91%), but only the Doppler imaging method results in an absence of false-negative diagnoses.
INTRODUCTION
In order for a successful pregnancy to be established and maintained in cattle, the corpus luteum (CL) must remain functional beyond the time when luteolysis would normally occur, which is on Days 15-18 postovulation in Zebu beef cattle [1] . Interferon-s (IFN-s), a glycoprotein secreted by the conceptus, inhibits the pulsatile secretion of prostaglandin F2a (PGF2a) from the endometrium that causes luteolysis. Consequently, the CL survives and secretes progesterone (P4), leading to the establishment of pregnancy [2, 3] . Furthermore, an increased concentration of circulating P4 due to a more functional CL during early diestrus may favor the embryonic secretion of IFN-s and pregnancy success in cattle [4, 5] .
Currently, the most commonly used method to diagnose pregnancy in beef cattle is based on the visualization of a viable embryo by transrectal ultrasonography between Days 28 and 35 post-artificial insemination (AI) [6] [7] [8] . This method is relatively late following the maternal recognition of pregnancy, which occurs at approximately the critical period of luteolysis [9, 10] . Hence, earlier diagnostic methods are desired to shorten the interval between inseminations in nonpregnant cows, as most of the pregnancy failures are caused by a high percentage of embryo death between Days 8 and 17 postestrus [11, 12] , which leads to return to estrus approximately 21 d after insemination. Consequently, early pregnancy detection is vital for the identification of nonpregnant cows and for promoting the efficient management of reproduction [13] . In dairy cattle, Lucy et al. [14] proposed a reinsemination system that requires a method of pregnancy detection that is accurate on or before 3 wk following the first insemination. This could substantially reduce the interval from calving to conception. Recent understanding of basic CL and conceptus biology associated with pregnancy recognition allowed the development of novel tools for early pregnancy diagnosis.
The detection of the structural regression of a CL based on a reduction in luteal size and blood flow by color Doppler ultrasonography can be used to identify nonpregnant animals starting on Day 15 post-AI [15, 16] . The use of color Doppler ultrasonography to evaluate luteal blood flow and to detect pregnancy was first attempted in dairy cattle [17] but resulted in low specificity and low sensitivity for lactating dairy cows. However, a recent study [18] using a single visual evaluation of the luteal blood flow in dairy cows and heifers (Bos taurus) reported that color Doppler flow imaging alone offers a higher accuracy in predicting nonpregnant females 20 days after timed AI (TAI). The accuracy of this method when used in Bos indicus and beef cattle may change because of differences in CL size, the ultrasonography characteristics of luteolysis, and the incidence of embryo death in dairy and beef females. Therefore, the feasibility of this method as a diagnostic tool in beef cattle remains to be determined.
Chemical methods to diagnose early-stage pregnancy in cattle have also been reported [19] [20] [21] [22] and applied in the field using ELISA for pregnancy-specific protein B and for pregnancy-associated glycoprotein. However, diagnosis is reliable and useful only after the expected time of estrus return (.25 days after AI). Alternatively, recent studies have shown that the secretion of IFN-s during the peri-implantation period of pregnancy stimulates the expression of specific genes (interferon-stimulated genes [ISGs] ), including interferonstimulated protein 15 kDa (ISG15), myxovirus-resistance (MX) proteins 1 and 2, and 2 0 -5 0 -oligoadenylate synthetase (OAS-1), in peripheral blood leukocytes in dairy cows [23] [24] [25] [26] [27] and sheep [28] . In addition, the intrauterine administration of IFN-s stimulates ISG15 and MX2 gene expression in peripheral blood mononuclear cells (PBMCs) in ruminants [29, 30] . In a retrospective study, Green et al. [25, 26] proposed cutoff values for relative ISG expression in blood immune cells to diagnose pregnancy in dairy cows, collecting a blood sample before AI and a second sample at Day 18 post-AI. However, the prospective use of a single sample for identification of ISG expression at a specific time point as a pregnancy diagnosis method has never been examined in dairy or beef cattle. Therefore, the time-dependent abundance of ISGs in PBMCs and the accuracy of this assessment as a novel pregnancy diagnosis method remain to be determined.
The identification of the functional characteristics of the CL by color Doppler ultrasonography and the changes in ISG expression in PBMCs that could differentiate pregnant and nonpregnant cows during the first weeks post-AI would allow the early diagnosis of cows that fail to become pregnant, minimizing the time for resynchronization and rebreeding. Therefore, in experiment 1, we aimed 1) to identify the functional characteristics of the CL by Doppler ultrasonography in pregnant and nonpregnant beef cows, 2) to evaluate the abundance of ISG transcripts in PBMCs during early pregnancy, and 3) to determine the feasibility of detecting nonpregnant cows based on these two measurements 20 days post-TAI. Based on the successful detection of nonpregnant cows on Day 20 post-AI, we hypothesized that a single evaluation of the CL size and blood flow using color Doppler imaging and the analysis of the expression of ISGs in PBMCs on Day 20 post-TAI (experiment 2) would be accurate methods for the detection of nonpregnant beef cows before their return to estrus.
MATERIALS AND METHODS

Animals
The selected cows had no apparent abnormalities of the reproductive tract as determined by ultrasound examination. The cows were used in the Southern Hemisphere tropics at the research farm of the University of São Paulo in Pirassununga, SP, Brazil (experiment 1) or in a commercial farm in Brotas, SP, Brazil (experiment 2). The animals were maintained on Brachiaria brizantha pastures and given mineralized salt and free access to water. The animals were handled in accordance with the Institutional Animal Care and Use Committee of the University of São Paulo. The animals remained healthy and in good body condition throughout the experiments.
Experimental Design Experiment 1. Experiment 1 was designed to identify the functional characteristics of the CL by B-mode and color Doppler ultrasonography and to evaluate the abundance of ISG transcripts in pregnant and nonpregnant beef cattle during early gestation. Cycling, multiparous, nonlactating Nelore cows (n ¼ 27) weighing 511.1 6 11.7 kg (range: 385-668 kg) were subjected to a TAI protocol. Follicular growth was synchronized with the insertion of an intravaginal P4 device (1.0 g of P4; Sincrogest; Ouro Fino Saúde Animal) through an i.m. injection of estradiol benzoate (2 mg; Sincrodiol; Ouro Fino Saúde Animal) and i.m. treatment with PGF2a (500 lg of sodium cloprostenol; Sincrocio; Ouro Fino Saúde Animal). Eight days later, the P4 device was removed, and the animals were treated i.m. with PGF2a (500 lg of sodium cloprostenol). The cows were treated i.m. with a gonadotropin-releasing hormone analogue (10 lg of buserelin acetate; Sincroforte; Ouro Fino Saúde Animal) and were artificially inseminated by a single operator 2 days after device removal. The day of insemination was defined as Day 0.
Blood samples (50 ml) were collected on Days 12, 15, 18, 20, 22, 30 , 45 and 60 post-TAI from the jugular vein of ovulated cows (n ¼ 22) to assay the P4 circulating concentrations and isolate PBMCs. The blood samples used in the P4 assay (10 ml) were immediately placed in a box with chopped ice before centrifugation (2700 3 g for 30 min). The plasma was decanted and stored at À208C until the assay was performed. The blood samples used for the isolation of PBMCs (40 ml) were maintained at room temperature for 30 min and then subjected to a PBMC isolation protocol. The isolated PBMCs from pregnant and nonpregnant cows (n ¼ 6/group) were used for RNA extraction and cDNA synthesis. The abundance of OAS1, ISG15, MX1, and MX2 transcripts was measured by quantitative PCR (qPCR).
Doppler and B-mode ultrasonography were performed on Days 8, 12, 15, 18, 20, 22 , and 25 post-TAI. In each ultrasonography exam, the dimensions (area and volume), peripheral and total blood flow of the CL, and presence of the embryonic vesicle were evaluated. Loss of pregnancy was detected based on the occurrence of structural luteolysis, which is defined by the following two criteria: A) a reduction of !25% in the luteal area on Days 18, 20 or 22 compared to Day 8 post-TAI or B) a CL with an area ,2 cm 2 and blood flow signals that cover 25% of the total luteal area. Criterion A was based on previous reports [16, 31] in dairy heifers, which defined the detection of structural luteolysis as the day of the ultrasound scan when the maximum CL area (in square centimeters) was decreased by 25% of the area during the preluteolytic period. Criterion B was defined retrospectively based on the size and blood flow of the CL 24 h after the detection of luteolysis based on P4 concentrations in nonpregnant cows. Pregnancy was diagnosed by ultrasonography through the detection of a viable conceptus (presence of heartbeat) on Days 25, 30, 45, and 60 post-AI. Experiment 2. In contrast to experiment 1, in which the data were analyzed only retrospectively, the predetermined parameters based on the functional characteristics of the CL and the abundance of ISGs in PBMCs were used to prospectively identify pregnant and nonpregnant cows after TAI in experiment 2. The ovulations of suckling Nelore cows (n ¼ 111) with a body condition score between 2.5 and 3.5 (1-5 scale) were synchronized according to the following protocol: on Day À10, cows received a P4 intravaginal device (Sincrogest) plus 2.0 mg of estradiol benzoate i.m. (Sincrodiol). Eight days later, the device was removed, and the cows were given 500 lg of PGF2a i.m. (Sincrocio), 1.0 mg of estradiol cypionate i.m. (E.C.P.; Zoetis), and 300 IU of equine chorionic gonadotropin i.m. (Novormon; MSD Animal Health). On Day 0, a single operator inseminated the cows with semen from a single bull with proven fertility. On Day 20 post-TAI, a blood sample (20 ml) was collected from the coccygeal vessels, and the cows were scanned with a color Doppler ultrasound instrument. The blood samples were kept at room temperature for 3-4 h and then subjected to the PBMC isolation protocol. RNA extraction and cDNA synthesis were performed using the isolated PBMCs. Twenty-one samples produced a poor amount of RNA and were not used. The remaining samples (n ¼ 90) were subjected to gene expression analysis to study the abundance of OAS1 and MX2 transcripts by qPCR. On Day 30 post-TAI, pregnancy was checked through the detection of a viable conceptus (presence of heartbeat).
Two methods were used to diagnose early pregnancy on Day 20 post-TAI. For the method using Doppler imaging (Doppler-US method), nonpregnant cows were detected based on criterion B from experiment 1 to detect luteolysis (the detection of a CL with area ,2 cm 2 and blood flow signals that cover 25% of luteal area; Fig. 1 ). For the prospective identification of pregnancy status by ISG expression in PBMCs (ISG-PBMC method), cutoff values were defined separately for OAS1 and MX2 abundance between pregnant and nonpregnant cows and were considered as the values 10-fold greater than the lowest value detected in the population analyzed. This formula was based on the results of experiment 1, which found that the lowest level of OAS1 and MX2 gene expression in pregnant cows was 10-fold greater than the lowest value found in nonpregnant cows on Day 20 post-AI. The use of this type of cutoff that could be dynamic for each cattle population analyzed was chosen because gene expression results are not similar among laboratories. The ISG-PBMC method was evaluated using a single gene or both genes combined for definition of pregnancy status. For the method using both genes, cows were considered to be pregnant only when the expression levels for both genes PUGLIESI ET AL. evaluated (OAS1 and MX2) were greater than the defined cutoffs; those cows that had none of the genes or only one gene greater than the cutoff were considered to be nonpregnant. Additional cutoffs for OAS-1 and MX-2 expression were determined by a receiver operator characteristic (ROC) curve analyses to predict the sensitivity and specificity using the optimal cutoff for each gene and retrospectively diagnose pregnancy. The combined use of both methods (Doppler-US þ ISG-PBMC) was evaluated by applying the ISG-PBMC method only in cows detected with a functional CL by the Doppler-US method.
Assay of Circulating P4
The plasma P4 concentrations were assayed with a solid-phase radioimmunoassay kit containing antibody-coated tubes and I 
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Count Progesterone; Diagnostic Products Corporation) as described previously [32] . The intra-and interassay CV and sensitivity for P4 were 2.7%, 6.1%, and 0.08 ng/ml, respectively.
Isolation of PBMCs
The blood samples used for PBMC isolation were isolated by Ficoll gradient as follows. Whole blood (20-40 ml) was mixed with an equal volume of PBS, and the solution was layered onto 15 ml of Ficoll-Paque solution (GE Healthcare), placed in a 50-ml conical tube, and then centrifuged at 1100 3 g for 30 min to obtain the buffy coat as previously described [33] . Mononuclear cells (the PBMC layer) were collected and centrifuged with PBS at 900 3 g for 15 min and the contaminating red blood cells were lysed in hypertonic solution for approximately 10 min. Isotonicity was restored by suspending the cells in PBS and centrifuging at 900 3 g for 15 min. The resultant pellet was suspended in PBS and the final solution was transferred to a 1.5-ml conical tube. The isolated PBMCs were centrifuged at 3300 3 g for 2 min, the supernatant was removed, and the pellet containing PBMCs was stored in a 1.5-ml conical tube at À808C until RNA extraction. To check the purity of the PBMCs before use, freshly isolated samples were subjected to a flow cytometric evaluation and were found to be .99% pure.
RNA Extraction and cDNA Synthesis
Samples of isolated PBMCs were thawed and immediately mixed with lysis buffer from the RNeasy Mini column kit (Qiagen) according to the manufacturer's instructions. The PBMC suspension was subjected to supernatant loading and processing in RNeasy columns. The total RNA was treated with DNAse I (Life Technologies) for 15 min at room temperature in an 80-ll reaction volume during processing in the RNeasy columns to inactivate DNAse I. The columns were eluted with 30 ll of RNase-free water. The concentration of total RNA extracts was measured using a spectrophotometer (NanoDrop; Thermo Scientific). The isolated RNA (0.5 or 1 lg) was subjected to reverse transcription (High-Capacity cDNA Reverse Transcription Kit; Life Technologies) according to the manufacturer's instructions. Briefly, 10 ll of master mix containing reverse transcription buffer, deoxyribonucleotide triphosphate mix, random primers, RNase inhibitor, and reverse transcriptase was added to 10 ll of suspended RNA. Immediately after mixing, the samples were incubated at 258C for 10 min and then at 378C for 2 h, subjected to reverse transcriptase inactivation at 858C for 5 min, and stored at À208C until PCR analysis.
Quantitative Polymerase Chain Reaction
The qPCR analyses were performed using SYBR Green chemistry (Life Technologies). The real-time PCR reactions were carried out using a Step One Plus apparatus (Life Technologies). The primers used have been previously described [24, 25] for cattle and are provided in Table 1 . Cyclophilin was used as the housekeeping gene for data normalization. The reactions were run in triplicate on a 96-well plate, which was sealed with a MicroAmp optical adhesive cover (Life Technologies). The raw fluorescence data were extracted from the Step One Plus apparatus with no baseline correction and analyzed using the LinReg PCR software (www.hartfaalcentrum.nl/index. php?main¼files&sub¼LinRegPCR) for baseline correction, determination of PCR efficiency, and cycle quantification values per sample as described by Ruijter et al. [34] . The cycle quantification values were obtained from the LinReg PCR software. The log-linear portion of the amplification curve used for the analysis performed with the LinReg PCR software contained between four and six points with the highest R 2 value. The relative quantification and statistical analyses of the qPCR data for the four tested genes were performed using the Relative Expression Software Tool, and the results are expressed as relative arbitrary units of the ISG target gene and cyclophilin.
Ultrasound Scanning
To detect ovulation in experiment 1, ultrasound scanning was performed 48 h after AI to detect the disappearance of the dominant follicle observed at Day 0. A duplex B-mode (gray-scale) and pulse-wave color Doppler ultrasound instrument (MyLab30 Vet Gold; Esaote Healthcare) equipped with a multifrequency linear transducer was used for the scanning. The diameter of and maximum CL area were determined using a B-mode still image and the tracing function. The diameter was used to calculate the CL volume using the following formula: volume ¼ 4/3pr 3 , where r is the radius and p is the constant pi. For CLs with anechoic fluid-filled cavities, the area and volume of the cavity was subtracted from the total area and volume [35] . The percentage of luteal area with color Doppler signals of blood flow at each examination was determined as previously described [36] . All of the scans were performed at a constant color-gain setting and a velocity setting of 5 cm/sec. The color Doppler transducer was passed over the entire CL, and the images were stored on film by a single operator. After all of the images were recorded, the film clips were evaluated to estimate the percentage of luteal area with color Doppler signals as described previously [36] . The operator was blind to the allocation of the animals into the groups.
Statistical Analyses
The data that were not normally distributed according to the Shapiro-Wilk test were transformed to natural logarithms or ranks. In experiment 1, the P4 concentrations, size (area and volume), and blood flow (peripheral and total) of CLs and the abundance of ISGs were analyzed using split-plot ANOVA considering the effects of group, day, and their interaction. The SAS PROC MIXED procedure (SAS version 9.2) was used with a REPEATED statement to account for the autocorrelation between sequential measurements and with cow-within-group as a random variable. The least significant difference test was used when comparisons between days were made within a group. In experiment 2, discrete dependent variables (OAS1 and MX2 expression levels) were analyzed using one-way ANOVA to determine the effect of the group (pregnant, nonpregnant, or nonpregnant with a functional CL) using the PROC GLM procedure (SAS version 9.2).
Pregnancy TN] ), and incorrectly rejected as pregnant (FN) were inserted into a 2 3 2 contingency table (decision matrix) to evaluate the test performance parameters. Sensitivities and specificities were calculated separately for each diagnosis test used (Doppler-US and ISG-PBMC). In addition, positive predictive value (PPV), negative predictive value (NPV), and accuracy were also determined for each test. The following equations were used to calculate each parameter: sensitivity (probability that a test result will be positive when the cow is pregnant) ¼ TP/(TP þ FN), specificity (probability that a test result will be negative when the cow is not pregnant) ¼ TN/(FP þ TN), PPV (probability that the cow is pregnant when the test is positive) ¼ TP/(TP þ FP), NPV (probability that the cow is not pregnant when the test is negative) ¼ TN/(FN þ TN), and accuracy ¼ (TP þ TN)/n. Sensitivity, specificity, PPV, and NPV, as well as accuracy, are expressed as percentages for ease of interpretation. The formulas used to calculate the kappa values are described elsewhere [37] and consider the number of identical results, the proportion of genuine agreement, and corrections for agreement due to chance. Agreements between Doppler-US and ISG-PBMC methods were determined, and comparisons with the ultrasonography diagnosis on Day 30 were performed. If kappa ¼ 0, no agreement exists other than what would be expected by chance, whereas a kappa value of 1 indicates perfect agreement [37, 38] . Kappa values between 0.4 and 0.5 indicate moderate agreement, between 0.5 and 0.6 indicate good agreement, and .0.6 indicate a high level of agreement [38] . ROC curves were generated in SigmaPlot software (Systat Software Inc.) as described by Zweig and Campbell [39] to determine retrospectively the optimal cutoff values for ISG-PBMC method. A probability of P , 0.05 indicated that a difference was significant, and a probability of P . 0.05 to P , 0.1 indicated that significance was approached. The data are presented as the means 6 SEM, unless otherwise indicated. 
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RESULTS
The probabilities for a group effect, an hour effect, and a group-by-hour interaction effect for the factorial analyses are shown in the figures, and the probabilities for differences in discrete endpoints are given in the text.
Experiment 1
Pregnancy was diagnosed by the detection of an embryo vesicle through transrectal ultrasonography in 45.5% (10/22) of the ovulated cows on Day 25 post-TAI and was confirmed on Days 30, 45, and 60. For the plasma P4 concentrations, effects of group, day, and their interaction were detected (Fig. 2) . (Fig. 3) The functional ultrasonography characteristics of CLs were used retrospectively to detect luteolysis as an indicator of pregnancy failure based on two criteria: criterion A (a reduction in !25% of the luteal area compared to Day 8 post-TAI) and criterion B (a CL with an area ,2 cm 2 and blood flow signals that cover 25% of luteal area). Based on this, 25% (3/12), 66.7% (9/12), and 91.7% (11/12) of the nonpregnant cows were detected by criterion A and 25% (3/12), 91.7% (11/12), and 91.7% (11/12) were detected by criterion B on Days 18, 20, and 22 post-TAI, respectively; no false-negative (FN) diagnoses were observed.
The transcript abundance of all ISGs (OAS1, ISG15, MX2, and MX1) in PBMCs during early pregnancy is shown in Figure 4 , and significant effects of group, day, and interaction were detected for all transcripts. were not detected in nonpregnant cows. For MX1, the lowest value for its relative expression in pregnant cows was 0.09, and only one nonpregnant cow reached a value greater than this limit (0.10).
Experiment 2
Pregnancy was detected on Day 30 post-TAI in 37.8% (42/ 111) of the inseminated cows. With respect to the performance parameters of the two predictive methods used in this study (Doppler-US and ISG-PBMC), both methods resulted in similar specificity (85.5% and 87.7%, respectively; Table 3 ). The Doppler-US method resulted in 100% sensitivity and NPV because of the absence of FN diagnoses, whereas the ISG-PBMC method had a sensitivity of only 66.7% and a NPV of 81.9%. Both methods resulted in a moderate PPV (75.8%-80.8%). The overall accuracies of the Doppler-US and ISG-PBMC methods, which are also a measurement of precision, were 91% and 80%, respectively. Comparing the use of one or both parameters for the Doppler-US method (CL area or CL blood flow) and for the ISG-PBMCs (OAS-1 or MX-2 expression), the Doppler-US method the use of a single parameter resulted in similar accuracy but presence of FN results, whereas for the ISG-PBMC the accuracy was reduced when a single versus both genes combined were used. The use of either gene individually increased the FP diagnoses, resulting in lower specificity and PPV, but resulted in lesser FNs and greater sensitivity compared to when both genes were used combined.
When the ISG-PBMC method was used only in cows with a functional CL as detected by the Doppler-US method, the number of FPs was reduced to only three cows compared to seven obtained using the ISG-PBMC method alone. Therefore, 
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the specificity, PPV, NPV, and accuracy also improved when the ISG-PBMC method was used only for cows with a functional CL compared to the use of ISG-PBMC alone.
When only the 90 cows used in the ISG-PBMC method were evaluated (Table 4) , 100%, 66.7%, and 66.7% of the 33 pregnant cows were correctly diagnosed (TP), and 82.5%, 87.7%, and 94.7% of the 57 nonpregnant cows were correctly diagnosed (TN) by the Doppler-US, ISG-PBMC, and Doppler-US þ ISG-PBMC methods, respectively. The accuracy of the Doppler-US method remained elevated (88.9%). Agreement between the results (pregnancy outcomes) of different tests (Doppler-US, ISG-PBMC, and gold standard ultrasonography on Day 30 [US-d30]) was calculated based on the previous defined kappa values in a scale from 0 (no agreement at all beyond chance) to 1 (perfect agreement; [37] ). Kappa values between 0.4 and 0.5 indicated moderate agreement, between 0.5 and 0.6 indicated good agreement, and .0.6 indicated a high level of agreement [38] , and interaction of group and day (GD) that were significant are shown. The factorial analysis was performed using data from Days 12-22 post-AI. The asterisk indicates differences (P , 0.05) between groups within a day. abcd, the means without a common letter within the pregnant group are different (P , 0.05). Experiment 1.
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in nonpregnant cows with a functional CL (0.11 6 0.03) did not differ (P . 0.1) compared to that observed in pregnant or nonpregnant animals without a functional CL. Of the 33 pregnant cows, OAS-1 was elevated in 24 (72.7%) and MX-2 was elevated in 26 cows (78.8%). Both OAS-1 and MX-2 were elevated in only 22 of the pregnant cows (66.7%). Thus, numbers of FN cows were greater (11) when elevations of both were required to diagnose a cow as pregnant than using either measurement alone. Of the nonpregnant cows (n ¼ 57), OAS-1 was elevated in 13 (22.8%), whereas MX-2 was elevated in 27 cows (47.4%). Both OAS-1 and MX-2 were elevated in only seven nonpregnant cows (12.3%), resulting in a high calculated specificity. The ROC curve analysis generated the optimal cutoff values for ISG-PBMC method (0.46 for OAS-1; 0.1 for MX-2), and their retrospective use for pregnancy diagnosis resulted in sensitivity and specificity of 77% and 76% for OAS-1 and of 89% and 58% for MX-2, respectively.
DISCUSSION
The elucidation of temporal changes in local and systemic variables (i.e., CL blood flow and PBMC ISG expression, respectively) associated with the presence of a functional conceptus provides the opportunity for understanding the basic biology of preimplantation and the development of innovations. Here, we quantitatively validated the association between CL blood flow and PBMC ISG expression to differentiate pregnant and nonpregnant beef cows. Such information could be used to develop a practical method to detect nonpregnant cows as early as possible before their expected return to estrus. The early diagnosis of nonpregnant animals allows the development of novel approaches to shorten the time from AI to resynchronization and rebreeding.
Independent of the CL size, the luteal blood flow is positively associated with P4 secretion and is easily estimated through the proportion of colored signals observed in the CL via Doppler ultrasonography [36] . The Doppler imaging approach to detect early pregnancy is based on the detection of functional (decrease in luteal blood flow) and structural . of cows  111  111  111  90  90  90  90  TP  41  41  42  24  26  22  22  TN  61  59  59  44  30  50  54  FP  8  10  10  13  27  7  3  FN  1  1  0  9  7  11 a The Doppler-US method was based on the detection of luteolysis as represented by a CL with area ,2 cm 2 and blood flow signals that cover 25% of luteal area, and was studied using one or both criteria. b The ISG-PBMC method was evaluated using a single gene or both combined for definition of pregnancy status. For the method using both genes combined, cows were considered to be pregnant only when the expression levels for both gene evaluated (OAS1 and MX2) were greater than the predefined cutoffs; those cows that had none of the genes or only one gene greater than the cutoff were considered to be nonpregnant. c The combined use of both methods (Doppler-US þ ISG-PBMC) was evaluated by applying the ISG-PBMC method only in cows detected with a functional CL by the Doppler-US method. d Sensitivity (probability that a test result will be positive when the cow is pregnant) ¼ TP/(TP þ FN). e Specificity (probability that a test result will be negative when the cow is not pregnant) ¼ TN/(FP þ TN). f PPV (probability that the cow is pregnant when the test is positive) ¼ TP/(TP þ FP). g NPV (probability that the cow is not pregnant when the test is negative) a The Doppler-US method was based on the detection of luteolysis as represented by a CL with area ,2 cm 2 and blood flow signals that cover 25% of luteal area. b The ISG-PBMC method was based on predefined cutoff for OAS1 and MX2 transcripts. For the method using both genes combined, cows were considered to be pregnant only when the expression levels for both genes evaluated (OAS1 and MX2) were greater than the defined cutoffs; those cows that had none of the genes or only one gene greater than the cutoff were considered to be nonpregnant. c The combined use of both methods (Doppler-US þ ISG-PBMC) was evaluated by applying the ISG-PBMC method only in cows detected with a functional CL by the Doppler-US method.
(decrease in luteal area) luteolysis; although subjective, it is much less time consuming and easier to incorporate into the reproductive management routine. Moreover, a robust agreement between the objective and subjective evaluations of color Doppler imaging has been reported previously [36] . In the present study, although the P4 concentrations and CL area did not change between pregnant and nonpregnant cows from Day 8 to Day 18 post-TAI, the increase in vascularization and volume of the CL in pregnant cows indicated a greater luteal development, which may favor the maintenance of pregnancy. In buffalo, different CL dimensions were also reported [40] between pregnant and nonpregnant females during the first 3 wk of pregnancy. In our results, the larger and more vascularized CL observed in pregnant cows did not allow the identification of the individual pregnancy status before Day 18 post-TAI because of considerable variations in the CL blood flow and size among the cows in each group. Therefore, based on these results, the estimation of CL vascularization and size by Doppler ultrasonography as an indicator of pregnancy is highly efficient at Day 20 post-TAI.
The rapid Doppler-US method using CL area and blood flow was highly accurate for detecting pregnancy on Day 20, as indicated by the 0% FN results and the 100% sensitivity and NPV obtained in beef cows following TAI. This result implies a minimal risk of misdiagnosing a pregnant cow as being nonpregnant. These results are consistent with a recent study [18] that used only color Doppler imaging to diagnose pregnancy in dairy females on Day 20 post-TAI; the study reported 0.6% FN diagnoses. However, we also considered the luteal area (,2 cm 2 for B. indicus beef cattle) in addition to the presence of significant blood flow across the CL area (,25% of color signals) to identify nonfunctional CL. The use of only CL area or blood flow for detection of luteolysis resulted in a misclassification of one cow as nonpregnant (FN). In this regard, the subestimation of blood flow signals by Doppler imaging may be generated when the transducer is not in direct contact with the rectal mucosa. In addition, operator proficiency is required for high precision in pregnancy diagnosis by transrectal Doppler imaging [7, 18] . Hence, the combined use of blood flow and area, as proposed herein, prevents the misclassification as nonpregnant, the pregnant cows that have low signals for blood flow but have a large CL, or pregnant cows with smaller CL that have high signals for blood flow. This should consequently reduce the risk of FN results.
The percentage of luteolysis detection in nonpregnant cows increased by almost 400% on Day 20 compared to Day 18 (experiment 1). Therefore, beyond the high sensitivity and NPV, we demonstrated that the Doppler-US method on Day 20 post-TAI results in high specificity (85.5%) and PPV (80.8%), good agreement with the Day 30 diagnosis, and, most importantly, high accuracy (91%). The proportion of FPs (9%; 10/111) was considered acceptable because the earlier pregnancy diagnosis method on Day 20 was compared to the gold standard method used on Day 30. Therefore, the 10 days that pass between the earlier and confirmation diagnoses means that a positive diagnosis on Day 20 might not be confirmed at a later stage because of embryonic losses that occur early after maternal recognition of pregnancy. FP diagnoses may also occur in estrus cycles with delayed luteolysis and in cows that were not well synchronized by the TAI protocol, resulting in later ovulation and consequently a functional CL on Day 20. However, our conclusions (high accuracy, 91%) for Doppler imaging to diagnose pregnancy were divergent compared to other studies (low accuracy [17, 41] ). In the study by Herzog et al. [41] , luteal blood flow was analyzed on Days 15 and 18 after estrus in dairy cows, whereas the current study analyzed the CL a few days later (Day 20 post-TAI), when the differences between pregnant and nonpregnant females are greater. In the study by Utt et al. [17] , pregnancy loss was diagnosed considering the P4 concentrations and luteal blood flow on Days 17, 19 , and 21 in recipient cows. Although a greater number of correct diagnoses were obtained on Days 19 and 21 compared to Day 17 in that study, the criteria used to detect pregnancy was different (color pixels of blood flow) and accuracy was ,72%, as per our calculations. Therefore, the inconsistency between previous and present results may be due to differences in Doppler ultrasound apparatus settings, moment of evaluation, criteria used to consider a cow as pregnant or nonpregnant, and/or differences in the incidence of EARLY PREGNANCY DIAGNOSIS IN BEEF CATTLE pregnancy loss between the CL-based diagnosis and the later confirmation by visualization of an embryo vesicle.
The secretion of IFN-s by the preimplantation conceptus is crucial for CL maintenance and the establishment of pregnancy [9] . IFN-s stimulates the transcription of several genes in the bovine endometrium and in the peripheral blood leukocytes of dairy cattle [23] [24] [25] . In pregnant cows, we observed a progressive increase in the abundance of ISGs from Day 15 to Day 20 post-TAI, a sharp decrease by Day 22, and a further decrease to the basal levels from Day 30 through Day 60. The abundance of ISG transcripts until Day 22 is consistent with the profile of embryonic IFN-s secretion in ruminants [42, 43] . This indicates that the presence of the viable conceptus stimulates PBMC gene expression in a surprisingly rapid fashion following the start of conceptus elongation and during the period of luteolysis blockage in pregnant cows. Despite the decrease on Day 30, the abundance of ISGs was similar to that observed on Day 18, suggesting that PBMCs might highly express ISGs for a prolonged period after IFN-s stimuli or that the embryo still secretes a substantial IFN-s amount at this time point. At the moment of peak ISG expression (Day 20 post-TAI), the lowest values for the relative expression of OAS1, ISG15, and MX2 in pregnant cows did not overlap with the values measured in nonpregnant cows. The lowest individual expression levels for OAS1 and MX2 in pregnant cows were 10-fold greater than the lowest values measured in nonpregnant cows; in contrast, for ISG15 and MX1, these values were 3.5-fold greater. The use of ISG expression to detect pregnancy may also be performed earlier on Day 18 using two blood samples (on Days 15 and 18), as shown by the greater relative expression on Day 18 compared to Day 15 in pregnant cows than in nonpregnant cows. These results raise the possibility of using relative ISG expression in PBMCs as the basis for the development of novel methods for early pregnancy diagnosis in cattle. A crucial premise for an innovative method for pregnancy diagnosis is that it should distinguish between pregnant and nonpregnant females, because the accuracy has a substantial influence on its use in research studies or reproductive programs [44] .
Previous studies [23] [24] [25] [26] [27] 44] have also reported that the abundance of some ISGs in the peripheral blood leukocytes increased approximately 18-21 days postestrus in pregnant dairy cows, and that cutoff values for ISG expression may be defined retrospectively by an ROC curve analysis [25, 26] to identify pregnancy status in dairy cattle, collecting a blood sample before AI and a second sample at Day 18 post-AI. However, to the best of our knowledge, the use of a single evaluation of ISG expression as a tool to prospectively distinguish pregnant and nonpregnant cows has not been previously attempted. In addition to the novelty of the characterization of ISG abundance in immune cells from beef cattle, the current study is also the first to use the temporal changes in ISG expression to estimate the accuracy of early pregnancy detection. To test the hypothesis that a single evaluation of ISG expression in PBMCs is an accurate method to detect nonpregnant beef cows prior to estrus return post-TAI, we proposed cutoff values for OAS1 and MX2 gene abundance (i.e., values 10-fold greater than the lowest expression of the respective ISG in the cattle population analyzed) to identify pregnant cows. The results obtained using the ISG-PBMC method described here provided an accurate diagnosis of pregnancy. This was indicated by the following results on Day 20 post-TAI when the results of both genes were combined: 1) low FP diagnoses (12.3%; 7/57 nonpregnant cows); 2) high specificity (87.7%); 3) accuracy of 80% in the diagnoses; and 4) high agreement with the pregnancy diagnosis performed on Day 30, as indicated by the kappa value. However, 33% of the pregnant cows were diagnosed as nonpregnant (FNs), which resulted in a moderate-to-low sensitivity (66.7%) and PPV (81.9%). A FN diagnosis has important economic implications. In reproductive programs using resynchronization, cows incorrectly classified as nonpregnant might receive PGF2a treatment to regress the CL, which will cause immediate pregnancy loss. The use of a single optimal cutoff value based on ROC curve analysis (0.46 for OAS-1 and 0.1 for MX-2) for retrospective pregnancy diagnosis resulted in moderate to high sensitivity (77%-89%) and specificity (58%-76%). However, use of specific cutoffs for gene expression may be difficult to replicate for all populations of cattle and in all laboratories, because of variations between PCR measurements taken in different conditions. In addition, the high number of FN diagnoses could be caused by the criteria for calculating cutoff values or technical problems with the PCR assay. The detection of new ISGs and their use as markers of pregnancy in different immune cell populations may increase the accuracy of the ISG-PBMC method for early pregnancy diagnosis in cattle. In this regard, a recent study [45] using the microarray technique detected more than 20 new genes, in addition to the already known ISGs, that show modified profiles in peripheral leukocytes and granulocytes during early pregnancy. Such genes are promising targets for future research.
Because cows with embryonic losses between Days 20 and 30 may receive less stimulus by the conceptus-secreted IFN-s and because the Doppler-US method resulted in no FN diagnoses, we combined both methods used herein to predict pregnancy loss in cows with a functional CL on Day 20. The expectation to detect cows with pregnancy loss by ISG expression was confirmed because the number of FP results obtained using the Doppler-US combined with the ISG-PBMC method was reduced (3 cows) in comparison to that obtained with the Doppler-US method alone (10 cows). The results indicated that OAS1 expression is increased in pregnant cows compared to nonpregnant cows with a functional CL on Day 20, suggesting decreased IFN-s secretion in cows with delayed luteolysis or pregnancy loss. However, MX2 expression was similar between these two groups, causing a discrepancy in the correlation of pregnancy and abundance of ISGs, which may have resulted in less accuracy because of a high proportion of FN diagnoses (33.3%; 11 cows/33 pregnant cows). A great advantage for combining the two early pregnancy diagnosis methods was the increase in the specificity (94.7%) and PPV (88%) caused by the reduction in the FP results compared to when both methods were used alone. Therefore, further improvements in the ISG-PBMC laboratory test proposed herein to better identify the IFN-s stimuli in cows with a nonviable conceptus may reduce the FN results and improve the accuracy using this pregnancy method in cows found to have a functional CL through Doppler imaging.
Because ISGs respond to various types of IFN stimuli and viral infection [46, 47] , the high abundances of OAS1 and MX2 detected in several nonpregnant cows in experiment 2 might be attributed to viral infection. MX2 protein is stimulated by IFN-a and has antiviral activity, whereas OAS1 is a synthetase enzyme involved in the innate immune response to viral infection [48, 49] . Moreover, it has been reported that uterine infections in cows could extend the interval between occurrences of estrus, independent of the pregnancy status [50] . Cows in our second study were lactating and were between 30 and 90 days postpartum compared to the nonlactating cows used in the first experiment. Therefore, our method cannot refute the possibility that the elevation in OAS1 and MX2 gene expression in several nonpregnant cows observed in experi-ment 2 compared to experiment 1 was induced by subclinical uterine infection or viral infections that may be more likely to occur in lactating cows. The impact of the subclinical uterine infection on the abundance of ISGs in leukocytes and the accuracy of the ISG-PBMC method require further investigation.
In conclusion, pregnant beef cows have larger and more vascularized corpora lutea during early embryo development, but the evaluation of CL vascularization and size by Doppler imaging to identify nonpregnant cows is efficient only at Day 20 post-TAI. The expression of various ISGs (OAS1, MX1, MX2, and ISG15) in PBMCs was stimulated by the presence of a viable conceptus between Days 15 and 22 post-TAI. The greatest abundance of ISGs on Day 20 post-AI may be used to develop technology to diagnose early gestation in beef cattle. In addition, we have clearly demonstrated that both characteristics (size and blood flow of the CL and ISG abundance in PBMC) can be used for the early detection of nonpregnant beef cows when performed at a specific time point, namely 20 days after TAI. The accuracy of these earlier pregnancy methods on Day 20 post-TAI is high (80%-91%), but only the Doppler imaging method (based on the reduction of luteal area and blood flow to detect luteolysis) resulted in the absence of FN diagnoses and consequently produces 100% sensitivity and NPV. When the ISG-PBMC method was used only in cows that had a functional CL, the ISG-PBMC method increased the specificity of the test, but offers no improvement in the accuracy over use of the Doppler-US method alone.
